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論 文 内 容 要 旨          
This thesis presents the traceable ultra-precision measurement of dimensions which primarily covers the measurement 
of length, angle, and geometric relationships. The economic success of most manufacturing industries is critically dependent on 
how well their products are made and reproduced. “You can only make as well as you can measure” quoted by Sir Joseph 
Whitworth whose invention in machines tools were well known internationally for their accuracy and quality in the 18th century. 
This is especially true for modern high-value-add industry that demands ever increasing accuracy down to ultra-precision level 
in nanometre scale or smaller. However, the key point is not only measurement but traceable measurement which provides the 
assurance for accuracy and reliability.  
In general, precision is always wrongly taken as the resolution - how good a system could read. Though it is important to 
resolve the fine details, it is just one of the components to determine the accuracy of a system. To quantify the accuracy, one has 
to consider the uncertainty evaluation. Measured results will not be complete without an uncertainty statement to tell others 
how sure it is. 
Chapter 1 introduces the concept of metrology - the science of measurement in association with the fundamental of 
measurement, the measurement infrastructure of an economy and how all these govern the accurate and reliable measurement 
to impact on the assurance of measurement. Very often, Metrology is being mistaken as Meteorology. The additional letters “eo” 
in the word leads us to a completely different study in weather. Measurement is the language of science, a universal language 
needed for people around the world to communicate and quantify a property of an object or a physical effect. Metrology is 
therefore an indispensable part of our daily activities. The results of which produce a value associated with its uncertainty and is 
usually expressed numerically as a band within which the actual result is likely to lie. A robust measurement infrastructure of 
an economy provides the foundation for interchangeability of measurement, facilitating fair trading and market access, and 
serves to reduce the technical barrier to trade. Moving on, a global mutual recognition arrangement has been established 
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whereby the equivalent of measurement capability among the participating economies is achieved via internationally accepted 
quality system and results of comparisons demonstrating the best uncertainty of measurement. Being the key component in the 
measurement process, the evaluation of the measurement uncertainty includes i) mathematical model; ii) input quantities; iii) 
possible uncertainty components; iv) uncertainty equation; v) Type A or Type B uncertainty where Type A is obtained from 
statistical approach and Type B from other sources such as previous experience, general knowledge of the behavior and property 
of relevant instruments, manufacturer’s specifications etc. All uncertainties should be expressed as standard uncertainty. 
Standard uncertainty is the result of a measurement expressed at one standard deviation level; vi) combine standard 
uncertainties whereby the law of propagation of uncertainty is used to determine the uncertainty in one quantity due to 
variations in another quantity. In most cases of dimensional measurements, the combined standard uncertainty is obtained as 
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  and the partial derivatives are referred to as sensitivity coefficients; vii) effective degrees of freedom 
which is the number of terms in a sum minus the number of constraints on the terms of the sum. For example, the degrees of 
freedom are n-1 for a single quantity estimated by the arithmetic mean of n independent observations. The standard uncertainty 
obtained from a Type B evaluation can be assumed as exactly known. In practice, the degrees of freedom is assumed to be 
infinite, ie ; viii) expanded uncertainty by multiplying the combined standard uncertainty uc(y) by a coverage factor k. The 
value of k is chosen on the basis of the desired level of confidence and degrees of freedom. Student’s t distribution is used when 
calculating the confidence level.  
Chapter 2 illustrates specific length measurements by laser interferometry covering the principle, its applications in 
precision glass scale, stage micrometer, linewidth standard and optical grid measurements, how the measurement equivalent is 
established, and the relevant in industry usage. Measurement of length is one of the most basic measurement needs of mankind. 
All length measurements are traceable to the International System of Units (SI) of metre (m). SI is the coherent system of units 
adopted and recommended by the General Conference on Weights and Measures (CGPM). Today, the metre is defined by the 
wavelength of laser light and laser interferometry is commonly used to obtain high precision measurement for the advantage of 
direct traceability to the metre definition through its vacuum wavelength. The metre is defined as the length of the path 
travelled by light in vacuum during a time interval of 1/299 792 458 of a second. In this context, a multi-functional laser 
measurement system consists of five major parts, namely, a main base with two working stages driven by separate linear motors for 
sample holding and positioning, a laser interferometer for displacement measurement, a photoelectric microscope for line edge 
detection, an electronics unit for system control, and a PC for data acquisition and recording was successfully developed for the 
intended purpose with an unique methodology for the calibration of optical grids. The unique two-way overlapping approach was 
developed to determine the squareness of two unknown optical grids simultaneously without the need of a reference grid. Reference 
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grid of known value is not easily available when the precison level increases. It’s squareness error also contributes to the 
measurement uncertainty. The unique approach therefore sovles these constraints and the measurement uncertainty achieved was 
well within the designed specification. The established system was further utilized to provide quality measurement of a 
calibration tool for the characterization of an industry automated assembly machine. The calibration tool was specifically 
designed to check the positioning accuracy of circular patterns in a two-layered structure and equipped with a special attachment to 
compensate the effect of the different in spacer thickness so no adjustment in the vision system is needed during calibration. 
Chapter 3 addresses angular measurement from the perspective of angle standard, the development of high precision angle sensors for 
accurate measurement of stage tilt motion, small inclination angles and error correction in the scrapping process for slide guideway production. 
Angular measurement forms an important part in metrology. The natural standard of an angle is the circle at 360°, no more and no less. In the high 
precision manufacturing, the angular errors such as the pitch, the yaw and the roll errors in the rotational axes have significant effect on the performance 
of a machine. The studies target to develop i) an ultra-sensitive angle sensor employing single-cell photodiodes that allows tighter focusing for higher 
angular resolution better than 0.001" based on laser autocollimation. The influences of spherical aberrations in the optical system was assessed with 
computer simulation and verified in experiments. A compact prototype size of 100 mm × 150 mm was subsequently established; ii) a capacitive-based 
fluid type electronic clinometer to detect small inclination angles with resolution of 0.0001  ˚and allow quick measurement with the delay time method. 
The main parts of the clinometer low-noise electronics are two capacitance measurement circuits for converting the capacitances of the capacitors of 
the clinometer into voltages, and a differential amplifier for obtaining the difference of the capacitances, which is proportional to the input inclination 
angle. An analog to digital converter is also embedded into the same circuit board to achieve a small noise level down to tens of µV; iii) a laser 
autocollimator-based optical sensor for measurement of the tilt angles in the production process of slide guideway incorporating a laser rangefinder to 
detect the positions of the reflector which is not only helpful to improve the efficiency of error correction but also a cost effective solution for a compact 
design with the sharing of the same laser diode as the light source for the autocollimator and the rangefinder. The resolution of the laser autocollimator 
was achieved at 0.2" over ±50" and the resolution to detect the measurement positions of the rangefinder at 1 mm. 
Chapter 4 focuses on geometrical measurement in association with the performance evaluation of contact and 
non-contact coordinate measuring machines (CMM) for micro- and submicro-structures. A CMM is the material representation 
of a rectangular coordinate system for measuring the dimensions of objects of different shapes and sizes. Due to its capability in 
complex geometrical measurements, it is not an easy task to qualify and quantify the performance of a CMM. The studies 
involve the performance evaluation of i) a micro-CMM on its probing error and volumetric length measurement error using 
three micro-range probes (120 m, 200 m and 300 m) and a customised mini sphere beam with certified values; ii) an 
optical CMM with video probing systems on its linearity errors along the three axes by laser interferometry and improved 
accuracy by a compensation technique. The probing system of the micro-CMM demonstrates good repeatability and the smaller 
the probing sphere, the more uncertain the probing error. The probing error which is a major source of uncertainty depends 
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mostly on the form of probing spheres and the cleanliness of their surfaces. Due to the short shaft length of the micro-probe, the 
mini sphere beam overcomes the problem to assess the measuring faces of gauge blocks normally used in the conventional 
approach and thus provides a more efficient means in the evaluation. The linear performance of the Y-axis in the optical CMM 
was found to vary a lot at different X positions. With the offline compensation technique verified by a 200 mm glass scale, the 
performance becomes more uniform within the compensated area and the variation among the X positions was reduced from 
0.35 µm to 0.15 µm and the measurement uncertainty improves from 0.6 µm to 0.3 µm. 
Chapter 5 explores the non-destructive measurement using X-ray computed tomography (XCT) and the evaluations of 
its performance. In recent years, XCT system has evolved from its initial stage as inspection tool to nowadays a measuring 
instrument capable to measure the internal structure non-destructively which is not accessible by normal CMM. 
Non-destructive measurement is important in the manufacturing process as it will enhance the process of quality control and 
save the cost in production by avoiding waste in raw materials. Non-destructive internal structure measurements of parts 
ranging from nano-scale to macro-scale are of increasing interest, particularly in the additive manufacturing or 3D printing 
industry. XCT is believed to be the only technology today to fulfill this important task. XCT system utilizes X-ray radiation to 
take a number of two dimensional (2D) images of an object in different orientations about a rotating axis and reconstructed them 
using software to form three dimensional (3D) model of the object under test, including its external and internal structures. The 
three key components of the system are the X-ray source, the rotary table and the detector. The measurement process covers 
data acquisition, reconstruction, surface extraction and analysis. This chapter aims to study the performance of a nano-scale 
XCT system in a more quantitative way with the support of i) a specially made cylindrical reference having four very fine lines 
made from an ultra-precision lathe machine with diamond turning to assess the detectability; ii) two ball bars with nominal 
length of 16 mm and 40 mm to assess the length measurement. The measured values of the ball bars obtained were compared to 
their calibrated values determined by a metrological CMM and the differences were assessed. The length ratio of 16 mm: 40 mm 
= 1:2.5 which is similar to the difference ratio as -0.0014:-0.0049 = 1:3.5 and bring down to a consistent voxel size with ratio of 
-0.09:-0.12 to 1:1.3. The quick assessment demonstrates a satisfactory condition of the system. 
Chapter 6 gives a summary of the work done in the thesis. 
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